Design of morphing wings is being considered as a potential way to improve aircraft performance. Composite materials are identified as suitable candidates to achieve some of the future morphing capabilities of aircraft wings. In this work, a morphing airfoil is designed and manufactured using a woven carbon fiber reinforced plastic (CFRP) composite material and a vacuum bagging technique. The layup arrangement and stacking sequence are chosen for maximum out-of-plane deflection under the applied actuation force using finite element analysis (FEA) and composite plate bending experiments. Additionally, manual actuation loads are applied simultaneously at various feasible locations on the airfoil top surface. The morphed airfoil new shape is studied using a JavaFoil airfoil analysis program to investigate its aerodynamic characteristics in terms of lift vs. angle of attack and lift-to-drag ratio vs. angle of attack. It is found that the numbers and locations of actuation forces depend on the flight envelope stage (e.g., take-off and cruising). In general, four factors are identified to have significant effects on the maximum deflection and consequently the ease of the airfoil to morph. These factors are the ply angles, the unbalanced stacking sequence, and the number of actuation forces and their location along the airfoil skin.
Introduction
Aircraft designers' choice of wing airfoils is generally constrained to one airfoil shape per wing type. There are optimum airfoil shapes that are suitable for certain flight envelope stages which are preferred by designers. Having the capability of changing the airfoil shape during flight was not possible but this may change with the introduction of morphing structures. Previously, the nearest concept to morphing was the variable sweep wings such as those found in the Mig-23 and F-14 fighter jets (both retired aircraft). Unfortunately, these types of morphing wings proved unpopular and hence their use was discontinued in later aircraft designs. Fortunately, recent new morphing concepts are being rigorously investigated with the aim of revolutionizing the designs of aircraft wings. There are already patented morphing airfoils in the market. [1] [2] [3] The potential benefits of morphing airfoils can be summarized to three important aircraft design aspects: weight savings, fuel savings and improved maneuverability and control. Just like aircraft design, morphing airfoils are inspired by birds. Lentink et al. 4) carried out wind tunnel testing of a swift bird (seen in Fig. 1 ) and reported vastly improved flying performance. It was observed that the swift executed certain wing morphing maneuvers using its proportionally large wingtip bones and forelimb bones to alter the shape and area of its wings. Hence, one of the interests in morphing structures is improved control and maneuverability.
Researchers in this field have mainly concentrated on ways to actuate the airfoil and less attention has been paid to the prospect of composite layup stacking sequence and arrangements for better morphing capabilities. 5, 6) Bi-stable composite skins have been suggested as a possible method of making morphing skins and were consequently the only type of composite stacking sequence that received significant attention. In particular, many researchers have studied the unique characteristics of bi-stability and snap through the unbalanced [0 , 90 ] composite laminate with either piezoelectric or shaped memory alloys (SMA) actuation. [7] [8] [9] [10] However, the aerodynamic forces could be greater than the force required to snap a bi-stable composite skin from one state to another. 6) In addition, factors such as the ply angle are not well understood. 6) To actuate morphing airfoils, SMA actuators have been tried with some success by some researchers. [11] [12] [13] Other less favorable methods include shape-memory polymers (SMP) 14) and piezoelectric actuation. 15, 16) These methods were not popular due to their effect on structural durability. Honeycomb-like structures have also been proposed as a means of actuating an airfoil for morphing purposes as suggested by Bettini et al. 17) who used a composite chiral structure to design a morphing airfoil. Recent methods include the possibility of using jet flow similar to the proposal of Al Qadi et al. 18) They numerically studied blowing jet air at the trailing edge and discussed its prospect in replacing the wing flaps altogether. Their results showed a significant increase in lift. Therefore, the use of jet flow to morph an airfoil is a feasible method to apply actuation force without the need for a mechanically complex and relatively heavier system. Another closely related technique to jet flow is the use of micro balloon actuators 19) which were successfully tested on reducing side force of a conecylinder slender body by changing its nose shape. Morphing airfoils can also benefit from recent techniques where the morphed shape is monitored using wireless sensors. 20) Consequently, a robust morphing airfoil not only requires smart actuation systems and wireless sensors but also smart composite skins.
However, airfoil morphing that requires complex actuation systems 21, 22) is not generally desired due to the potentially high weight penalty. 23) Prock et al. 24) carried out an optimization process to minimize the actuation energy. They suggested using strain energy as a feedback indicator for the desired airfoil shape to morph to. They also showed that the actuation angle is a critical factor in minimizing actuation energy. Consequently, this work aims to investigate the possibility of reducing the actuation energy and therefore the weight of actuation system required by taking advantage of the warp capability that is found in unbalanced composite laminates with unconventional ply angles. Wing structures such as the skin comprise mainly AE45 , 0 and 90 ply angles. However, by moving slightly away from these standard angles it is possible to improve the airfoil skin morphing capability due the phenomena of warping found in composite laminates with unconventional ply angles such as bi-stable laminates. However, there will be a loss in strength and stiffness in the skin principle axes but this is tolerated since composite materials already offer high specific strength and stiffness. Combined with an unbalanced stacking sequence, these plies have the potential to morph under less actuation force compared to conventional quasi-isotropic and balanced layups. Various laminate stacking sequences are investigated in this work to determine their behavior under simulated manual actuation force. Then, the morphed airfoil aerodynamic characteristics are investigated in terms of flying performance. Very few related research activities can be found in the literature. Yuan et al. 25) used an in-house code to study the aerodynamic performance at low Reynolds numbers of two morphing airfoils and a rectangular wing. They investigated the movement of the airfoil top surface at different locations and frequencies. Their results showed that the morphing oscillation of the airfoil upper surface was able to improve the aerodynamic performance. They also reported that the surface frequency of oscillation, amplitude and the extents of the dynamically morphing movements have an effect on the aerodynamic performance.
Airfoil Composite Design and Manufacturing
Aerospace rated T300 woven carbon fiber fabric and a 100:24 resin to hardener ratio matrix system are chosen for this investigation. The skin of the airfoil is chosen to be made out of three plies. To achieve the best morphing stacking sequence, various layups are numerically tested using Abaqus Ò CAE. In the latter, composite plates deflection is derived under similar loading, geometry, boundary conditions and meshing type. The composite laminates are designed so that one of the plies was a [0 , 90 ] in order to give axial strength and stiffness to the wing skin main axes (longitudinal and transverse axes). Then for the skin to morph easily, two additional angled plies are added to the [0 , 90 ] ply leading to an unbalanced and unsymmetrical laminate (Table 1 ). In terms of structural stability, plies other than [0 , 90 ] ply are able to give the skin some shear strength capability that is required by an airfoil under shear and torsional loads. Table 1 shows the composite laminates' maximum deflection as determined by FEA and Fig. 2 shows examples of the FEA analysis results (model 3 and model 9). It can be seen from Table 1 that model 7 ([(0  , 90 ), (30 , À60 ) 2 ]) produced the highest deflection compared to other models when deflected using the same force.
To manufacture the airfoil, a layup arrangement is designed so that the skin is divided into upper, leading edge and bottom skins in order to maintain a constant stacking sequence as shown in Fig. 3 (top) . A continuous skin would result in different angles between top and bottom skins as shown in Fig. 3 (bottom) which is not consistent.
A four-digit NACA airfoil (NACA 4312) is chosen as a base geometry. The airfoil designation number is selected to simplify the actuation system by having approximately flat lower surface. A wooden mold is manufactured to resemble the chosen airfoil. The mold is used to manufacture the composite airfoil using hand layup and a vacuum bagging technique. A schematic of the manufacturing process is shown in Fig. 4 while Fig. 5 shows the final composite airfoil. However, the resulting airfoil shape has some variation from the NACA airfoil shape due to inaccuracy of the mold and the post curing residual stresses. This manufacturing error is illustrated in Fig. 6 .
Experimental, Theoretical and Numerical Laminate Bending Analysis
An experiment is carried out in order to physically verify the bending behavior of the chosen unbalanced three-plies layup ( Fig. 7 .
To simulate an airfoil skin, clamped-clamped-free-free boundary conditions are chosen for the experimental setup. In addition, a uniformly distributed pressure is applied to bend the composite plates out of their planes. The composite plates are clamped in such a way that their effective dimen- sions became 15 cm by 15 cm. The composite plate ends are clamped using sand paper, two steel plates and two C-clamps. Small pins totaling 504.53 g are uniformly placed on the plate surface with the aid of a marked paper as shown in Fig. 8 . A digital dial gauge is placed under the plate center to measure maximum deflection.
Complimentary to the bending experiments, Abaqus Ò CAE is also used to verify the experiment results. Similar to the experiment setup, the FEA model consists of a flat composite plate with two sides constrained completely and a load of uniform pressure (q ¼ 2:242 g/cm 2 ) applied on the top surface as shown in Fig. 9 . The latter also shows the FEA deflection results of the two airfoil skin-simulated composite plates.
As well as obtaining the composite plate maximum deflections numerically and experimentally, they are also calculated analytically. From the theory of plate bending, 26) the maximum out-of-plane deflection for similar boundary conditions and uniformly distributed load can be obtained using the following equation:
where: W max is the maximum out-of-plane deflection (mm). Table 2 summarizes the experimental, theoretical and numerical bending results of the investigated composite plates. It also shows the percentage error between the three solution methods.
As can be seen in Table 2 , the unbalanced composite laminate experienced larger maximum deflection (more than double) compared to the balanced laminate under the same load and constraint conditions. The results also show that there is better agreement between the numerical and the experimental solution but not as much between the theoretical and experimental one. Using conventional plate bending theory on composite plates may not be accurate especially for the non-balanced composite plate. Moreover, the non-balanced composite plate results had a larger error when comparing the numerical values to experimental ones. This behavior is largely due to physical warping of the plate that is not taken into consideration by the numerical solution. Additionally, the use of woven carbon fiber properties on the numerical solution can lead to an additional error compared to unidirectional carbon fiber properties.
Morphing Airfoil Aerodynamics Simulation
The number of actuation forces and their location is known to affect the efficiency of a morphing composite airfoil. 27, 28) To study this phenomenon, the JavaFoil airfoil analysis program 29) is used to investigate the aerodynamic characteristics of the designed morphing airfoil in order to determine the effect of altering the location and number of actuation forces. The JavaFoil program is able to calculate the distribution of the velocity on the airfoil surface and integrate it to obtain the lift and the moment coefficient. It can also examine the behavior of the flow close to the airfoil surface; i.e. the boundary layer. Data collected from the latter is used to calculate the friction drag of the airfoil. Both steps are repeated for the given range of angle of attacks, which yields a complete polar of the airfoil for one fixed Reynolds number.
Four different load actuation configurations are tested on the manufactured airfoil shown in Fig. 5 . Three configurations had one actuation load only but the fourth configuration had two actuation loads applied along the chord line as follows:
Actuation load configuration 1: 3 cm to 4 cm along chord length. Actuation load configuration 2: 6 cm to 7 cm along chord length. Actuation load configuration 3: 10 cm to 11 cm along chord length.
Actuation load configuration 4: 3 cm to 4 cm and 10 cm to 11 cm along chord length. The new morphed airfoil shape is then sketched on paper as shown in Fig. 10 . Several points on the airfoil curve are converted to percentage coordinates and inserted into the JavaFoil program. The analysis is carried out at a fixed Reynolds number (400,000) and a varying angle of attack (). Table 3 shows the aerodynamic properties that are derived from the JavaFoil program and the error between the original and the manufactured airfoils. The error in the aerodynamic properties; namely; the coefficient of lift (Cl), the coefficient of drag (Cd) and the coefficient of moment (Cm) is an indication of some of the manufacturing differences. Results in Table 3 show that the error is not too significant between the mold and the manufactured composite airfoil. However, there is a larger error between the NACA 4312 airfoil and the composite airfoil due to the effect of the mold. Additionally, the CFRP composite airfoil shape is altered due to internal post-curing residual stresses accumulated during curing time. Figure 11 shows that the mold and CFRP models' Cl variations with angle of attack are similar to the NACA 4312 airfoil Cl up to 7 angle of attack. After that point, the results exhibit an unusual behavior that is mostly caused by the variation in the airfoil shape. Similarly Fig. 12 shows similar behavior of (Cl=Cd vs. ) curves to (Cl vs. ) curves of Fig. 11 with a more apparent divergence in values at lower angle of attacks. While Table 3 , Fig. 11 and Fig. 12 results are generated for quality comparisons, Table 4 , Fig. 13 and Fig. 14 show the aerodynamic properties for all the CFRP composite morphed airfoil shapes shown in Fig. 10 . The comparison is based on the un-morphed CFRP composite airfoil. Figure 13 shows that the resulting shapes after morphing the CFRP composite airfoil have different aerodynamic properties which are favorable for some flight stages but not for others. For instance, it can be seen from Table 4 that shape 1 yields the highest Cl value compared to all airfoils and results in almost the same Cd as the CFRP composite airfoil. This increase in Cl is beneficial for takeoff and landing of an airplane. Moreover, Fig. 14 shows that shape 4 has the best drag performance (lowest Cd) leading to the highest Cl=Cd value for all angles of attacks. This is an indication that the application of more than one actuation force to morph an airfoil (as is the case with shape 4) is more efficient for certain flight stages than actuating the airfoil at one location (shapes 1, 2 and 3).
Conclusion
Using FEA and experiments, an optimized CFRP composite layup stacking sequence and laying up arrangement is designed in order to give a maximum deflection at a minimum load. The analysis shows that the CFRP composite layup orientation arrangement of [(0 , 90 ), (À30 , 60 ) 2 ] is more flexible than the other arrangement when the layer of (0 , 90 ) is placed in the compression side of the manufactured airfoil resulting in the highest out-of-plate deflection possible.
It was also demonstrated in this work that it is possible to design a light-weight airfoil that can morph with minimal force to achieve better flight characteristics in the form of lift vs. angle of attack and lift-to-drag ratio vs. angle of attack.
Morphing the CFRP airfoil gives different aerodynamic properties that can be optimized to fulfill the needed characteristics for certain segments of a flight envelope. For instance, the airfoil shape can be optimized to give maximum Cl=Cd ratio for cruising. It has been found that one of the manufactured CFRP airfoil morphing configurations (shape 1) resulted in better aerodynamic characteristics for both takeoff and landing whereas one morphed airfoil configuration resulted in better aerodynamic characteristics for cruising (shape 4). More importantly, results show that changing the location of the actuation force (shapes 1, 2 and 3) and the numbers of actuation forces (shape 4) have significant effects on the aerodynamics characteristics of the morphed airfoil.
With the application of simple actuation such as SMA actuators or jet flow and the optimization of their locations, this airfoil has the potential for enhanced performance in aircraft such as unmanned air vehicles (UAVs). As well as the potential performance improvement, especially the reduction of fuel cost, this airfoil could lead to the redesign of control surfaces which in turn could lead to weight reduction in mechanisms required to control these surfaces.
However, there are several things that need to be addressed for more accurate results such as, mold quality, use of UD pre-preg and wind tunnel tests. In addition, the effects of the composite anisotropy, especially out of plane mechanical properties on theoretical and numerical results, need to be investigated further. Scatter in experimental data is known to occur in composite materials and may also affect the experimental results accuracy. Additionally, stability and flutter issues are areas of importance in morphing airfoils and wings that need further research as was highlighted in the study that was carried out by Murua et al. 30) 
